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At high beam currents, the beam lifetime in the
ISR is shorter than that expected from nuclear and
Coulomb scattering in the residual gas. Two
possible explanations for this observation are put
forward: intra-beam scattering of the protons of one
beam on each other driving them into non-linear
resonances, and a slow stochastic instability,
called Arnold diffusion, which is excited by neutrai-
ised regions in the ISR beam.
there are always fairly strong non-linear resonances
close to its upper and lower edges. We shall
explain the observed beam lifetimes by intra-beam
scattering into these resonances which we assume to
be fatal in the sense that the lifetime of a proton
within a resonance is short compared to the beam
lifetime. Since the latter is some 1010 revolu-
tions, this assumption seems well justified.
A stack which is bordered by two resonances a
distance 8p/p apart has an asymptotic lifetime
given by:
1. Introduction (2 )
The best beam lifetimes in the ISR are compat-
ible with nuclear scattering only for currents up to
about 1 A. For higher currents, the beam lifetime
decreases with increasing current. Furthermore,
the beam lifetime depends on the degree of neutral-
isation of the beam: when clearing electrodes are
switched off, the beam lifetime is reduced. In the
following, we shall discuss possible explanations
for these observations 1 ).
2. Intra-beam Scattering
A rectangular stack reaches this decay rate within
a factor of two after about 0.05 lifetimes. The
initial decay rate is higher or lower depending on
whether the stack density at the edges is higher or
lower than that of the sine-shaped equilibrium dis-
tribution.
For typical ISR parameters, the diffusion
constant a2 is of the order of 4 x 10-11 s -1. The dis-
tances between resonances which would explain cer-
tain decay rates are shown in Table I.
3. Arnold diffusion
This process was put forward by Chirikov3 ) as
a possible danger for the beam lifetime in proton
Table I





Since the distance between adjacent non-linear
resonances is typically a few centimetres, decay
rates of the order of 10-4 min-l might well be ex-
plained by intra-beam scattering. The best life-
times observed in the ISR are between the nuclear
scattering lifetime and the multiple scattering
lifetime and are therefore inconclusive as far as
intra-beam scattering is concerned. However, we
observe that these good lifetimes only last for a
few hours at best. This is much shorter than ex-
pected from the growth in beam size due to multiple
scattering. We also observe rather large fluctua-
tions of the beam lifetime at the same current which
cannot be explained by variations in the vacuum
pressure. They may be due to changes in the beam
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Within the lifetime of the ISR beam, the growth
of the beam size due to diffusion in momentum is
completely negligible Z). A stronger limitation
arises when one considers intra-beam scattering in
connection with non-linear resonances. It has been
found necessary to run the ISR with a substantial
spread of Q values across the stack1 ). Consequently,
Here r o is the classical, proton radius, V is the
volume of the beam, <X,2>2 is the r.m.s. betatron
angle, and F(Ae ) is a numerical factor related to
the cut-off in the impact parameter; it can be
taken as 65 for a wide range of values of Ae . In
the ISR, part of the beam size comes from betatron
oscillations and part from the momentum spread. We
take V to be the betatron volume, and assume that
on average particles with a momentum difference
corresponding to two horizontal betatron amplitudes
can be scattered on each other. This determines
N.
Coulomb scattering of the protons of the same
beam on each other was considered as a possibl)
means of beam growth in the ISR by Pellegrini 2 •
He found that the fastest process is a change of
momentum which has a diffusion constant for the rela-
tive momentum error given by:
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into the stochastic layers, thus causing Arnold
diffusion to affect the whole beam.
storage rings due to beam-beam interaction. It re-
quires coupling between horizontal and vertical
betatron motion and the presence of many azimuthal
harmonics in the non-linear force. It was not con-
sidered dangerous in the ISR because the large cros-
sing angle causes the beam-beam force to be essen-
tially vertical, therefore not introducing any cou-
pling, and because of the number of superperiods
in the ISR.
The required coupling and harmonic spectrum do
exist when the ISR beam becomes neutralised over
some distance. A reduction of the beam lifetime
has been observed when the clearing electrodes are
switched off over as little as one eighth of the
ISR circumference l ).
The space-charge forces in a neutralised
region are very much equivalent to the kicks assumed
by Chirikov for the beam-beam force. Following his
analysis, we have calculated the beam lifetime where
Arnold diffusion becomes important as a function of
the Q shift)~Q)which is produced by a single kick
per revolution. The parameters entering into the
calculation are the Q shift at which the particle
motion becomes stochastic ~Qs and the coupling
parameter S. The stochasticity limit ~Qs is known
from electron storage rings4 ). The coupling para-
meter S is given by the ratio of the width of cou-
pling resonances over the width of uncoupled
resonances. The result of our calculation is shown
in Fig. L
At a momentum of 15 GeV/c the neutralised Q
shi ft is about
Fig. 1:
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Arnold diffusion lifetime as a function of
the strength of the non-linear kick ~Q.
~Qs is the stochasticity limit and S is the
coupling parameter.
4. Conclusions
~Q = 2 x 10-5 L I
where L is the neutralised length, assuming comple-
te neutralisation, and I is the beam current. It
may be seen, that a drastic reduction in the beam
lifetime sets in when the product L*I exceeds
about 100, corresponding to one neutralised long
straight section at 5 A beam current. There are
several observations which lead us to believe that
Arnold diffusion may be one of the mechanisms which
limit the ISR beam lifetime at present. Large
pressure rises have been observed in several regions,
up to pressures where the clearing electrodes are
known to become inefficient l )5). Sometimes these
regions coincide with enlarged portions of the ISR
vacuum chamber in which clearing is difficult
beaause they form longitudinal potential wells in
which the electrons may be trapped longer than in
normal straight sections with efficient clearingS).
However, conclusive experiments have not been made,
because artificial neutralised regions would only
appear in addition to those already present in the
ISR and their combined effect would be very
difficult to analyse.
Arnold diffusion itself only affects particles
inside the stochastic l~ers which should occupy
only a small fraction of phase space. However,
phenomena like Coulomb scattering on the residual
gas or intra-beam scattering can transport particles
Two mechanisms have been presented which might
explain the beam lifetime shortening observed in the
ISR at high currents. At the time of this writing
it is impossible to affirm that either of these
mechanisms has definitely been seen in the ISR.
Experiments to show their existence or absence are
continuing.
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